Abstract-Channel state information (CSI) at the base station (BS) is critical to resource allocation design for wireless networks, but it is hard to obtain accurate CSI in a high mobility vehicular environment. In this letter, we study the spectrum and power allocation problem in device-to-device-enabled vehicular networks, where CSI of vehicular links is only reported to the BS periodically. We maximize the sum throughput of all vehicleto-infrastructure (V2I) links while guaranteeing the reliability of each vehicle-to-vehicle (V2V) link with the delayed CSI feedback. We propose a low-complexity algorithm to find the optimal spectrum sharing strategy among V2I and V2V links and properly adjust their transmit powers. Its desirable performance is confirmed by computer simulation.
I. INTRODUCTION
T HE EMERGING vehicular communications are expected to enable a whole set of new applications, ranging from road safety improvement to traffic efficiency optimization, from driverless cars to ubiquitous Internet access on vehicles [1] , [2] . Infotainment applications and traffic efficiency messages usually involve large amount of data exchange with the Internet or remote servers and can be supported by highcapacity vehicle-to-infrastructure (V2I) links. Meanwhile, the safety enhancement service spreads safety-critical messages among surrounding vehicles and is naturally enabled by vehicle-to-vehicle (V2V) links, which impose strict reliability and timeliness requirements. The device-to-device (D2D)-assisted cellular networks have been proposed to meet the demanding requirements of diverse vehicular links [3] , [4] , where widely-deployed base stations (BS) provide pervasive V2I communications while D2D side links support V2V communications with reduced latency and high reliability.
Along this line, a heuristic location dependent resource allocation scheme has been proposed in [5] for D2D terminals, with no explicit requirement on full channel state information (CSI). In [3] , latency and reliability requirements of vehicular networks have been transformed into constraints using only large-scale fading information, and a heuristic algorithm has been developed to address the resource allocation problem. In [6] , multiple resource blocks can be shared not only between cellular and D2D users but also among different D2D-capable vehicles. We have proposed to maximize sum V2I ergodic capacity while guaranteeing V2V reliability in [7] using only large-scale fading information.
In this letter, we take into account the inevitable CSI latency in high-mobility vehicular environments when CSI of vehicular links is reported to the BS periodically. The proposed resource allocation problem incorporates heterogeneous quality-of-service (QoS) requirements for V2I and V2V links corresponding to their supported services, i.e., large capacity for V2I links and high reliability for V2V links. Sum V2I throughput is maximized with a minimum QoS guarantee for both V2I and V2V links, where the V2V reliability is ensured by maintaining the outage probability of received signal-to-interference-plus-noise ratio (SINR) below a small threshold.
II. SYSTEM MODEL Consider a D2D-enabled vehicular communication network as shown in Fig. 1 , where M vehicles require high-capacity V2I communications, denoted as I-UEs, and K pairs of vehicles perform local V2V data exchange in the form of D2D communications, denoted as V-UEs. Denote the I-UE set as M = {1, . . . , M} and the V-UE set as K = {1, . . . , K}. To improve spectrum utilization efficiency, orthogonally allocated uplink spectrum of I-UEs is reused by the V-UEs. The channel power gain, g m,B , between the mth I-UE and the BS follows
where h m,B is the small-scale fast fading component, assumed to be independent and identically distributed (i.i.d.) distributed as CN (0, 1), and α m,B captures all large-scale fading effects including path loss and shadowing. The channel, g k , between the kth V2V pair, the interfering channel,g k , from the kth V-UE to the BS, and the interfering channel, g m,k , from the mth I-UE to the kth V-UE are similarly defined. We assume CSI of links connected to the BS, i.e., g m,B and g k , is accurately known since it can be estimated at the BS while CSI of vehicular links, i.e., g k and g m,k , is reported to the BS with a feedback period T and therefore with latency. We use a first-order Gauss-Markov process [8] to model the channel variation (fast fading) over the period T
whereĥ and h are the channels in the previous and current time, respectively, e is the channel discrepancy term distributed according to CN (0, 1 − 2 ) and independent ofĥ, and the coefficient quantifies channel correlation between the two consecutive time slots. For the Jakes' model [8] , is given by 2162-2345 c 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The SINRs of the mth I-UE and kth V-UE are given by
and
respectively, where P c m and P d k denote transmit powers of the mth I-UE and the kth V-UE, respectively, σ 2 is the noise power, and ρ m,k = 1 indicates the kth V-UE reuses the spectrum of the mth I-UE and ρ m,k = 0 otherwise.
To meet diverse requirements for different vehicular links, i.e., large capacity for V2I connections and high reliability for V2V connections, we maximize the sum capacity of M I-UEs while guaranteeing the minimum reliability for each V-UE. In addition, we set a minimum capacity requirement for each I-UE as well to provide a minimum guaranteed QoS for them. The optimization problem is formulated as
where r c 0 is the minimum capacity requirement of I-UEs and γ d 0 is the minimum SINR needed by the V-UEs to establish a reliable link. Pr{·} evaluates the probability of the input and p 0 is the tolerable outage probability. P c max and P d max are the maximum transmit powers of the I-UE and V-UE, respectively. Equations (5a) and (5b) represent the minimum capacity and reliability requirements for each I-UE and V-UE, respectively, where the probability is evaluated in terms of the discrepancy term e caused by the delay in CSI feedback. Equations (5c) and (5d) ensure that the transmit powers of I-UEs and V-UEs cannot exceed the maximum limit. Equations (5e) and (5f) mathematically model our assumption that one I-UE's spectrum can only be shared with a single V-UE and one V-UE is only allowed to access a single I-UE's spectrum. This assumption reduces the complexity brought by the complicated interference scenarios in D2D-enabled vehicular networks and serves as a good starting point to study the resource allocation problem in vehicular networks.
III. ROBUST RESOURCE ALLOCATION DESIGN A. Power Allocation for Single I-UE and V-UE Pairs
Decoupling the problem and focusing on each I-UE and V-UE pair, we aim to maximize the I-UE's capacity
while satisfying all constraints, formulated as
s. t. (5b), (5c), (5d)
The feasible region of (7) is derived as
where 
• Case II: When Cγ d 0 < A,
Rearranging terms of (10) and (11) completes the proof.
Based on the Lemma, we derive the optimal power allocation solution to (7) in the following Theorem.
Theorem 1: The optimal power allocation solution to (7) is
where
c,max and P c 1 d,max are derived from the implicit functions
c,max and P c 2 d,max are derived from the implicit functions
d,max ) = 0, through bisection search by noting the monotonic relation between P c m and P d k in the implicit functions
. Proof: Due to space limit, we only provide a brief sketch for the proof. From the Lemma, the feasible region of (7) is divided into two parts, depending on if Cγ d 0 ≥ A or not. Further analysis shows that the two regions's upper boundaries (as determined by implicit functions
k , P c m ) = 0 maintains a monotonically increasing relation between P c m and P d k in the range (0, P d 0 ) and (P d 0 , +∞), respectively. We note that the I-UE's capacity, or equivalently γ c m , increases with P c m and decreases with P d k . Hence, the optimal solution must reside at the upper boundary of the feasible region, which is a continuous line jointly determined by
Further analysis reveals that γ c m increases with growing P d k along the boundary line. As a result, the optimal power allocation solution is determined by the relative magnitudes of P c max and P d max as well as their intersections with the boundary line, which is as summarized in the theorem. 
B. Pair Matching for All Vehicles
Substituting the optimal power allocation from the Theorem in (6) yields the maximum capacity of the mth I-UE when it shares its spectrum with the kth V-UE, denoted as C * m,k . If it is less than r c 0 , then this combination is unable to meet the minimum capacity requirement for the I-UE. Therefore, such a I-UE and V-UE pair is not feasible and we set C * m,k = −∞. After evaluating all possible combinations of the reuse pairs, the resource allocation problem in (5) reduces to
which turns out to be a maximum weight bipartite matching problem and can be efficiently solved by the Hungarian method in polynomial time [9] . From the above discussion, we propose Algorithm 1 to solve the problem in (5) as listed in Table I . Algorithm 1 yields the globally optimal solution to (5) because it jointly finds the optimal power control for each I-UE and V-UE reuse pair and the best spectrum sharing among all possible reuse pairs.
IV. SIMULATION RESULTS
In this section, we present simulation results to validate the proposed algorithm. We follow the simulation setup for the [2] freeway case in 3GPP TR 36.885 [2] and model a multi-lane freeway that passes through a single cell as shown in Fig. 1 . The vehicles are dropped according to spatial Poisson process, whose density is determined by the vehicle speed. The M I-UEs and K V-UEs are randomly chosen among generated vehicles, where V-UE pairs are formed between adjacent vehicles and the I-UEs have equal shares of the total bandwidth. The major simulation parameters are listed in Table II and the channel models are described in Table III. Note that  all parameters are set according to Tables II and III by default, whereas the settings in each figure take precedence. Fig. 2 demonstrates the sum V2I throughput of our proposed algorithm with an increasing CSI feedback period that indicates the channel latency. From the figure, the sum capacity of I-UEs decreases as the reporting period T grows. This is due to growing T increases uncertainty of V2V channels at the BS, motivating the BS to act conservatively when controlling I-UEs' transmit powers to meet the reliability constraint of V2V links, which suffer from interference generated by I-UEs. As the vehicle speed increases from 50 to 150 km/h, the sum capacity drops since higher speed induces a larger Doppler shift, which also increases channel uncertainty at the BS. Another reason for such degradation is due to sparser traffic according to the simulation setup, which on average increases inter-vehicle distance and gives rise to less reliable V2V links with lower received power. As such, less interference from I-UEs can be tolerated given the maximum transmit power constraints of V-UEs, leading to less power being allocated to I-UEs and decreasing their sum capacity. It is also interesting to note from Fig. 2 the I-UE's sum capacity is more sensitive to feedback frequency with a larger vehicle speed. Fig. 3 evaluates the cumulative distribution function (CDF) of an arbitrary V-UE's received SINR under Rayleigh fading with different targeted outage probabilities. The desired SINR threshold for each V-UE is 5 dB. From the figure, the reliability constraint in terms of the outage probability of V-UE's SINR is accurately satisfied, which confirms the effectiveness of our proposed algorithm.
V. CONCLUSION
In this letter, we have investigated the spectrum sharing and power allocation design for D2D-enabled vehicular networks. Channel uncertainty caused by CSI feedback delay in a high mobility vehicular environment has been considered. The optimal resource allocation strategy has been developed to maximize the sum capacity of all I-UEs while the reliability of all V2V links is strictly satisfied.
